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Abstract 

tion properties of germanium p-n junction photovoltaic cells made by alloying 

appropriate impurities into wafers of various resistivities was investigated. 

The experiment was carried out with 250 keV electrons. 

below the threshold energy for bulk damage in Ge (350 keV). 

This energy is well 

It was found that 

the photovoltaic short circuit current had a strong dependence on integrated 

electron flux, on the time elapsed since the last irradiation, i.e. on the 

past history of the irradiated surface, on the pressure in the vessel in which 

the irradiation was performed, and on the resistivity of the material exposed 

to the electrons. For example, if the electrons were incident on the surface 

of 0.1 ohm cm n-Ge, the short circuit current Is (which was inversely propor- 

tional to surface recombination velocity for  the geometry of the cells) 

decreased by an order of magnitude after exposure to about 1200,~coul/cm 

(7.5 x lo1' electrons/cm 1. 

additional changes, i.e. the effect had saturated. The relation between the 

experimentally observed changes and changes in more fundamental properties of 

the surface is discussed. 

2 

2 Irradiation to higher fluxes did not lead to any 



I. Introduct ion 

Anyone who has s tud ied  rad ia t ion  damage i n  semiconductors has  

encountered t h e  problem posed by r ad ia t ion  induced changes i n  sur face  

p rope r t i e s .  

recourse t o  thennal  annealing. 

"conditioning" 

j e c t i n g  t h e  specimen to  electrons whose energy is below t h e  threshold for 

bulk damage u n t i l  t h e  surface changes have sa tu ra t ed  and one can then con- 

c e n t r a t e  on bulk effects. 

The sur face  effect is charac te r ized  by r e v e r s i b i l i t y  without 

The problem is usua l ly  obviated by r ad ia t ion  

which i n  t h e  case of  electron i r r a d i a t i o n  cons i s t s  of sub- 

I n  an earlier s tudy a t  Brown UniversityC1', an  attempt w a s  made t o  s tudy 

t h e  o r i e n t a t i o n  dependence of e lec t ron  bombardment r ad ia t ion  damage i n  n-type 

germanium with t h e  he lp  of p-n junction photovol ta ic  cells by following 

changes i n  t h e  sho r t  c i r c u i t  current  Isc assoc ia ted  with s t rongly  absorbed 

l i g h t  (8000 Angstroms, absorption constant  a - 10 c m  1. It w a s  r ea l i zed  

t h a t  Isc w a s  a s t rong  func t ion  of sur face  recombination ve loc i ty  i n  t h e  case 

of such s t rongly  absorbed l i g h t ,  but  it was expected t h a t  surface "condition- 

ing" would lead  t o  a sa tu ra t ion  of t h e  sur face  changes and t h a t  t h e  study of 

bulk damage could then proceed on t h e  surface which had been passivated i n  

t h i s  way. 

change even after extremely high f luxes .  

l a rge ;  t h e  value of I 

2 f e w  hundred pcoul/cm of 200 keV e lec t rons .  

5 -1 

However, no such sa tu ra t ion  was observed; t h e  surface continued t o  

Furthermore t h e  changes w e r e  very 

dropped by a f a c t o r  of about 50 after exposure t o  a sc 

On t h e  o the r  hand, o ther  ear ly  experiments a t  BrownE2', showed t h a t  sa tura-  

t i o n  of surface effects d id  occur on commercial s i l i c o n  s o l a r  cells. I t  was 

found t h a t  i r r a d i a t i o n  of such c e l l s  by 100 keV e lec t rons  l ead  t o  an increase  

of sur face  recombination ve loc i ty  s f o r  n-Si and a decrease of s for  p-Si.  

effects w e r e  much smaller than those described above f o r  G e ,  but they ind ica ted  

t h a t  s had t o  change by a f a c t o r  of a t  least 1 0  i n  order  t o  account f o r  t h e  

observed 20 t o  40% changes i n  Isc. 

These 
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No d e t a i l e d  inves t iga t ions  of t h e  effect of high energy e l ec t ron  

i r r a d i a t i o n  qn semiconductor surface recombination ve loc i ty  have been 

repor ted  i n  t h e  l i terature.  There have, however, been two s t u d i e s  which are 

C 31 p e r t i n e n t  t o  t h i s  problem. I n  1958, W. Spear s tud ied  surface conductance 

and t h e  f i e l d  effect i n  high r e s i s t i v i t y  n- and p-Ge 

e l e c t r o n s  of var ious energ ies  between 5 and 300 keV along with 4.5MeV e lec t rons .  

at 80°K. H e  used 

H e  found t h a t  t h e  sur face  conductance of n-Ge increased during i r r a d i a t i o n  

while t h e  surface conductance of p-Ge 

SrnirnovELIJ reported r e s u l t s  o f  a s tudy of t h e  photoconductivity of high 

decreased. I n  1964, Ovsyuk and 

r e s i s t i v i t y  40 ohm c m  n-Ge i r r a d i a t e d  by 1 t o  16 keV e l ec t rons  at  300OK. 

They w e r e  a b l e  t o  follow changes i n  su r face  recombination ve loc i ty  by observ- 

i ng  t h e  changes i n  photoconductivity of t h i n  samples. The l i g h t  beam w a s  

modulated at  a frequency of 300 cps and t h e  change i n  t h e  dc  photoconduc- 

t i v i t y  was monitored fran t h e  molaent when t h e  e l e c t r o n  beam was 

switched on u n t i l  it w a s  switched o f f .  I t  was found t h a t  t h e  surface re- 

combination ve loc i ty  s firss descreased and then increased.  

were a t t r i b u t e d  t o  a prel iminary charge r e d i s t r i b u t i o n  and a subsequent 

c leaning  of t h e  su r face  because of desorpt ion of ions.  

The changes 

The experiments descr ibed i n  t h i s  r epor t  r e l y  on ana lys i s  of photo- 

v o l t a i c  response to  s tudy r ad ia t ion  induced changes i n  su r face  recombination 

ve loc i ty .  

t h e  F i r s t  Semiannual Report f o r  the  present  g ran t  (NGR-40-002-026) dated 

October 31, 1965. c5' 

junc t ions  i n  G e  and S i ,  both n- and p-type and of various r e s i s t i v i t i e s .  

s p e c t r a l  response and cur ren t  voltage c h a r a c t e r i s t i c s  of those cells  is a l s o  

recorded. This r epor t  is devoted to  a desc r ip t ion  of t h e  experiments per- 

formed on t h e  n- and p-Ge cells. 

A d e t a i l e d  d iscuss ion  of t h e  underlying concepts has been given f n  

That report also descr ibes  t h e  prepara t ion  of a l l o y  

The 
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11. EXPERIMENTAL ARRANGEMENT. 

The experiment was c a r r i e d  out by using a Van de Graaff acce le ra to r  

as e l ec t ron  beam source.  

for  t h e  experiments performed i n  t h e  vacuum of t h e  Vac Ion  Pumping System, 

t h e  250 keV electrons entered the  experimental  chamber by passing through a 

0.0015'' aluminum window. This r e su l t ed  i n  a decrease i n  t h e  average energy 

of  t h e  beam and gave rise t o  a spread i n  beam energy. 

e l e c t r o n  energy was w e l l  below t h e  th reshold  for  producing bulk d e f e c t s  i n  

G e  (350 keV). 

The acce lera t ing  vol tage w a s  250 keV, However, 

I n  any case, t h e  

The beam cur ren t  I w a s  i d e n t i f i e d  with t h e  cur ren t  absorbed by t h e  B 
sample, whose thickness  ( including t h e  a l l o y  d o t )  w a s  s u f f i c i e n t  t o  s t o p  t h e  

beam. No cor rec t ion  w a s  made f o r  ref lect ion of e l ec t rons  from t h e  surface. 

UsuslLy t h e  beam c i r r e n t  was f e d  i n t o  an Elcor  I n t e g r a t o r  and t h e  in t eg ra t ed  

charge received by t h e  sample was determined i n  t h i s  way. 

ever., t h e  f l u x  w a s  computed from t h e  current-t ime product. 

experiments, IB l a y  between 10-7A/cm2. and lO-'A/cm . 

Sometimes, how- 

For most of t h e  

2 

The samples were mounted on meta l l ized  A1203 wafers which were soldered 

2 3  t o  a water cooled copper block. 

from and thermal contac t  with the  copper block. 

i t o r e d  with t h e  he lp  of copper constantan thermocouples a t tached  t o  t h e  

i r r a d i a t e d  sample. 

by more than a f e w  degrees during i r r a d i a t i o n .  

t o  determine how much of a temperature d i f f e rence  could be t o l e r a t e d  by t h e  

specimens. 

of electrical power equivalent  t o  t h e  amount de l ivered  by t h e  e l e c t r o n  beam 

fo r  a time equivalent  t o  t h a t  involved i n  t h e  i r r a d i a t i o n .  

p a r t i c u l a r l y  i n  t h e  case of high r e s i s t i v i t y  specimens 

The A 1  0 provided electrical i n s u l a t i o n  

The temperature w a s  mon- 

The temperature s tayed  around 5OC and it d id  not change 

Control experiments were used 

These  experiments involved de l ivery  t o  t h e  junc t ion  of an amount 

I t  w a s  found 

t h a t  a f e w  t e n t h s  of 
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a degree caused s u b s t a n t i a l  changes i n  I 

so chosen as t o  insure  t h a t  t h e  temperature d id  not exceed t o l e r a b l e  l i m i t s .  

and t h e  maximum beam cur ren t  w a s  sc 

A tungsten lamp combined w i t h  a f i l t e r  cons is t ing  of a copper ch lor ide  

so lu t ion  served t o  provide s t rongly absorbed l i g h t ,  i.e. t h e  absorpt ion con- 

4 -1 s t a n t  a i n  G e  w a s  g r e a t e r  than 1 0  cm 

f i l t e r .  

l a y e r  near  t h e  surface whose thickness was less than 1 micron. 

beam w a s  i nc iden t  normal t o  t h e  surface; t h e  l i g h t  w a s  r e f l e c t e d  onto t h e  

sur face  a t  near ly  normal incidence by a f r o n t  sur face  m i r r o r  (See Fig. 1). 

f o r  t h i s  combination of lamp and 

This guaranteed t h a t  t h e  l i g h t  absorpt ion was confined t o  a t h i n  

The e l ec t ron  

The samples were s i t u a t e d  i n  a pyrex g l a s s  cross pumped by a Vac Ion 

pump, sorp t ion  jumps being used t o  provide t h e  fore-vacuum. 

almost free of organic  vapors; only t h e  neoprene gaske ts  on t h e  g l a s s  cross 

were a p o t e n t i a l  source of such vapors. 

vapor free vacuum w a s  t h e  suspicion t h a t  i r r a d i a t i o n  i n  t h e  presence of 

organic  vapors can lead  t o  t h e  deposit  of carbon and carbon compounds on t h e  

semiconductor surface. 

effects of r ad ia t ion  on t h e  surface 

This system w a s  

The reason f o r  recourse t o  an organic 

Such deposi ts  could conceivably dominate any o the r  

and were the re fo re  c l e a r l y  undesirable.  

The response of t h e  cells t o  both constant  and modulated l i g h t  w a s  

measured. 

chosen t h a t  t h e  s i g n a l  w a s  proport ional  t o  Isc. 

such t h a t  t h e  i - V  c h a r a c t e r i s t i c  was l i n e a r ,  i .e.,  V 

duced by constant  i l lumina t ion  was amplified by a Kiethly dc ampl i f i e r  whose 

output  versus  t i m e  was i n  t u r n  displayed on a Moseley x-y p l o t t e r .  The ac 

vol tage produced by modulated l i g h t  w a s  amplified by a low noise  Tektronix 

ac ampl i f i e r  whose output w a s  displayed on a Hewlitt-Packard ac voltmeter.  

A load r e s i s t o r  w a s  connected across  t h e  sample, i ts  value so 

The i l lumina t ion  l e v e l  was 

- kT . 
e The vol tage  pro- 
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111. DEPENDENCE OF I ON LIGHT INTENSITY sc 

It w a s  found t h a t  t h e  response w a s  a func t ion  of t h e  i n t e n s i t y  of l i g h t  

i nc iden t  on t h e  sample. 

r e s t i n g  i n  a vacuum of 2.5 x 1 0  

increased by a factor of t h E e  a f t e r  about 15  minutes of continuous exposure t o  

"high in t ens i ty"  l i g h t  (Fig.  2). If t h e  i l lumina t ion ,  continued for  a long 

enough per iod,  t h e  response eventually sa tu ra t ed ,  The i n t e n s i t y  of t h e  l i g h t  

was no t  measured; only t h e  voltage appl ied  t o  t h e  tungsten lamp w a s  measured. 

It w a s  found t h a t  if t h e  l i g h t  i n t ens i ty  w e r e  kept l o w  enough, t h e  s i g n a l  d id  

not  change with t i m e  though it was l a r g e  enough t o  be e a s i l y  measurable. 

w e  had t h e  choice of e i t h e r  using " l o w  i n t ens i ty"  which d id  not change I 

over  t h e  per iod of t h e  experiments or of using "high in t ens i ty"  l i g h t  and 

allowing s a t u r a t i o n  t o  se t  i n  before proceeding with i r r a d i a t i o n .  

ments w e r e  performed i n  one o r  the  o t h e r  of t h e s e  stable modes of behavior. 

For  example, i n  t h e  case of a 0.1 ohm cm p-Ge ce l l  

t o r r ,  it was found t h a t  t h e  value of I -7 
SC 

Thus 

sc 

Our experi-  

IV. DEPENDENCE OF 1 ON PRESSURE sc 

Figure 3 shows t he  dependence of Isc on pressure  for  a 20 ohm cm n-Ge 

sample. 

vacuum of 5 x 10 

n i t rogen  w a s  admitted i n t o  t h e  experimental chamber with t h e  r e s u l t s  shown 

i n  Fig. 3 .  The l i g h t  was set for "high in t ens i ty"  i .eo effects assoc ia ted  

with l i g h t  i n t e n s i t y  had been allowed tosa tura te  p r i o r  t o  t h e  measurement shown 

i n  t h e  f i gu re .  

more than  t w o .  

decreased. 

continued t o  f a l l  t o  its o r i g i n a l  value although t h e  r e t u r n  requi red  another  

1 2  hours 

The sample had been previously i r r a d i a t e d  and allowed t o  rest i n  a 

-7 to r r  f o r  a period of hours. Thenone a t sosphere  of dry 

After f o u r  hours the  response had increased by a factor of 

A t  t h i s  t i m e ,  t h e  so rp t ion  pump was turned on and t h e  response 

The Vac Ion Pump was turned on after about 2 hours and t h e  response 



I -  
The i r r a d i a t i o n s  were performed 

after s u f f i c i e n t  t i m e  had elapsed t o  

-6- 

with a pressure  of about 

s t a b i l i z e  t h e  surface. 

5 x IO-? t o r r  

V. EFFECT OF ELECTRON IRRADIATION ON Is 

Having es tab l i shed  t h a t  t h e  sur face  was s t a b l e  as a func t ion  of t i m e  if 
-6 t h e  pressure w a s  maintained constant a t  o r  below 1 0  

i n t e n s i t y  were kept constant  a t  a low i n t e n s i t y  or at a high i n t e n s i t y  after 

s a t u r a t i o n  had been allowed t o  occur, w e  proceeded with t h e  i r r a d i a t i o n  

according t o  t h e  following scheme. 

f l u x  usua l ly  of  t h e  order  of t ens  or hundreds of woulombs/cm . 
i n t e r rup ted  by means of an e l e c t r i c a l l y  operated s h u t t e r ,  a measurement w a s  

made very r ap id ly  and t h e  i r r a d i a t i o n  was resumed. 

e s s e n t i a l  after con t ro l  experiments had es tab l i shed  t h a t  t h e  response changed 

w i t h  t i m e  after in t e r rup t ion  of t h e  e l ec t ron  beam as shown i n  Figs. 4 and 5 

for 0.1 ohm c m  p-Ge and 30 ohm cm n-Ge respec t ive ly .  

changed by about 50% within five minutes a f t e r  i r r a d i a t i o n .  

added t o  the complexity of t h e  experiment. 

torr and i f  t h e  l i g h t  

The samples were i r r a d i a t e d  t o  a se l ec t ed  

The beam w a s  2 

Rapid measurement w a s  

I n  both cases, Isc 

This "annealing" 

The measurements described herein were performed with both constant  and 

modulated l i g h t ;  no s i g n i f i c a n t  difference was observed between these  two 

modes of performing t h e  experiment. 

300 cps. 

The modulation frequency was as high as 

Both annealing and i r r a d i a t i o n  induced changes were funct ions of t h e  

Figures 6 r e s i s t i v i t y  of t h e  bulk material whose su r face  w a s  i r r a d i a t e d .  

through 11 show p l o t s  of normalized I 

samples. 

vs i n t eg ra t ed  f l u x  received by t h e  sc 
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Figures 6 and 7 pertain to l c w  resistivity (0.1 ef.l?n cn) p-Ge d i d e s  made 

on wafers cut from t h e  same G e  c rys t a l .  

i r r a d i a t e d  i n  t h e  vacuum of t h e  Van de Graaff machine. 

i r r a d i a t e d  i n  t h e  vacuum produced by t h e  Vac Ion pump. 

shows t h r e e  curyes. 

t i on .  

curves.  I t  was obvious t h a t  

t h e  behavior of I during a given i r r a d i a t i o n  w a s  a funct ion of t h e  anneal- 

ing  t i m e  and previous i r r a d i a t i o n  h i s to ry  of t h e  sample, bu t  it w a s  not pos- 

s i b l e  t o  select an annealing time which would l ead  t o  cons i s t en t ly  reproducible  

i r r a d i a t i o n  curves. 

Van de  Graaff vacuum and one i r r a d i a t e d  i n  t h e  Vac Ion vacuum behave d i f -  

f e r e n t l y .  

2 2 t hese  two i r r a d i a t i o n s  (I i n  Fig. 6 and 9 x lo'* A/cm 

Fig. 7 )  and it is poss ib l e  t o  ascr ibe  some of  t h e  d i f fe rence  t o  t h i s  d i f -  

The first of t hese  diodes was 

The second was 

Each of t h e  f i g u r e s  

All t h e  da ta  w e r e  taken with "low i n t ens i ty"  i l lumina- 

The samples were allowed t o  rest f o r  per iods of a f e w  hours between 

During t h i s  t i m e ,  some annealing had occurred. 

sc 

Figures 6 and 7 suggest t h a t  a sample i r r a d i a t e d  i n  t h e  

However, t h e  beam curren ts  d i f f e r e d  by an order  of  magnitude f o r  

- 1 . 0  x lom6 A/cm i n  B 

fe rence  i n  beam curren t .  

Graaff vacuum, I 

i r r a d i a t i o n ,  reached a maximum and then decreased. 

behavior reported by Ovsyuk and Smirnov for 40 ohm cm n-Ge. 

i n  I 

by high l i g h t  i n t e n s i t y  shown i n  Fig.  2. 

effect t o  saturate. However, the value of t h e  s a t u r a t i o n  r e l a t i v e  t o  t h e  

I n  t h e  case of t h e  sample i r r a d i a t e d  i n  t h e  Van de 

increased by as much as 40% during t h e  e a r l y  p a r t  of t h e  sc 

This i s  similar t o  t h e  

This increase 

i n  t h e  e a r l y  p a r t  of t h e  curve may be r e l a t e d  t o  t h e  increase caused sc 

Prolonged i r r a d i a t i o n  caused t h e  

o r i g i n a l  value was a funct ion of t h e  previous i r r a d i a t i o n  h i s t o r y  of  t h e  

specimen. 

formed within a f e w  hours of each o ther .  

I n  genera l ,  t h e  sa tura ted  value was lower i n  successive runs per- 
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I n  t h e  case of t h e  low p p-Ge sample i r r a d i a t e d  i n  t h e  Vac Ion vacuum, 

no i n i t i a l  increase of I w a s  observed (Fig.  7). I n  genera l ,  t hese  

i r r a d i a t i o n s  showed an i n i t i a l  rap id  decrease followed by an increase which 

d id  not  s a t u r a t e  a t  t h e  maxhm f luxes  used i n  t h i s  i r r a d i a t i o n .  

no te  t h a t  t h e  t o t a l  in t eg ra t ed  f lux  i n  Fig. 7 a factor of seven smaller than 

i n  Fig. 6. 

sc 

However, 

Figure 8 shows a series of curves taken on 10 ohm cm p-Ge i r r a d i a t e d  i n  

t h e  Vac Ion vacuum, These curves a l l  showed an i n i t i a l  i nc rease  i n  I and 

a subsequent decay toward a sa tura ted  value.  

sc 

I n  t h e  case of 30 ohm cm n-Ge i r r a d i a t e d  i n  t h e  Vac Ion system, Isc 

increased by as much as 80% and then sa tu ra t ed  (Fig.  9)  after a f l u x  of 

about 1500 )Icoul/cm . 2 

Figure 10 shows a series of curves for 9 ohm c m  n-Ge. These show an  

i n i t i a l  d i p  i n  I 

t h e  t o t a l  i n t eg ra t ed  f l u x  on t h i s  curve is  r a t h e r  l o w .  

followed by an increase t o  a sa tu ra t ed  value.  Note t h a t  sc 

F ina l ly ,  Fig. 11 shows t h e  r e s u l t s  of successive i r r a d i a t i o n  of a 

-7 0.1 Qcm n-Ge specimen i n  a vacuum of 4 x 10 

t h i s  case Isc drops by an o rde r  of magnitude after about 1500 vcoul/cm2 and 

then a t ta ins  a stable sa tu ra t ed  value. 

t o r r  f n  the Vac Ion system. In 

To summarize, t h e  samples exh ib i t  r ap id  changes during t h e  first 
2 2 1500 woul/cm 

exclude Fig. 6 ,  which w a s  taken in  t h e  Van de Graaff vacuum, t h e  asymptotic 

value of  I is g r e a t e r  than  t h e  i n i t i a l  value for  two high p n-Ge samples 

( 9  and 30 ohm cm n-Gel; no more than 20% below t h e  i n i t i a l  value f o r  t w o  

p-samples (0 .1  and 10 ohm cm p-Ge) and an order  of magnitude below t h e  i n i t i a l  

value fo r  t h e  l o w  p (0 .1 ohm cm) n-Ge sample. 

(about 1 x 10l6  electrons/cm 1 and then  s a t u r a t e .  If w e  

S C  
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V I .  DISCUSSION 

Analysis of I for  s t rongly absorbed l i g h t  and plane p a r a l l e l  geo- 
SC 

metry l eads  t o  t h e  expression 

where q is t h e  electronic charge; No t h e  number of inc ident  photons; R is 

t h e  r e f l e c t i o n  c o e f f i c i e n t ;  L is  t h e  d i f f u s i o n  length ;  D is t h e  d i f fus ion  

cons tan t  and s is t h e  surface recombination ve loc i ty .  

is inversely p rope r t iona l  t o  s. For t h e  p-Ge samples I S C  
I f  D Ls > > 1, 

-1 used i n  our experiments L - 10 

neglec t  un i ty  i n  t h e  denominator. 

c m ;  D .. 90 so t h a t  s > > 1000 before  w e  can 

For t h e  n-Ge samples D - 45 so t h a t  

s > > 500 would s a t i s f y  t h i s  condition. 

i r radiat ion changes s by changing t h e  dens i ty  of surface states, then s w i l l  

Furthermore, if it is assumed t h a t  

be a func t ion  of f l u x  and one can w r i t e  very approximately C41 

where so is the  i n i t i a l  value of s, 

of  recombination cen te r s  which is of course a func t ion  of (a. 

Eq. (21, it is assumed t h a t  t h e  bands do not bend as a r e s u l t  of  i r r a d i a t i o n  

and t h a t  only one kind of surface s ta te  is involved i n  s. 

a is a constant  and N is t h e  dens i ty  

I n  wr i t ing  

sr 

Then 

L L 1 + - s  + - a N  ($11 A 
1 
1 ( $ 1  I) o - D  sr 
- =  
S 

where A - l  = 2 qNo(l-R). P l o t s  of [IS(t$)1-’ were made from t h e  d a t a  of Figs .  6 

through 11. 

s t r a i g h t  l i n e s ,  f . e .  N ( 4 )  was not  a l i n e a r  func t ion  of f lux .  It w a s  pro- 

posed by Ovsyuk and SmimovC4’ t h a t  

Except €or Fig. 11 (0 .1  ohm cm n-Gel none of t h e  p l o t s  were 

sr 
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where a i s . t h e  cross sec t ion  f o r  dislodging an atom. This r e l a t i o n  w a s  appl ied 

t o  t h e  da ta  i n  Figs.  6 through 10. It  w a s  assumed t h a t  t h e  concentration of 

sur face  states was approaching an asymptotic value.  

I 

0.1 ohm cm p-Ge (Fig.  6 )  and 10  ohm c m  p-Ge (Fig.  8 )  i n  which Isc decayed 

toward an asymptote t h a t  Eq. (4) f i t t e d  t h e  data .  

The d i f fe rence  between 

- and t h e  asymptote was then p lo t ted  aga ins t  f l ux .  I n  t h e  case of 
sc 

However, i n  t h e  case of  

9 ohm cm n-Ge (Fig.  10) and 30 ohm c m  n-Ge (Fig.  9 )  i n  which I rose t o  a 
S C  

s a t u r a t i o n  value,  Eq. (41, or r a the r  its companion equation 
- - 4.". . 

did  not  fit t h e  data .  

t h e  phenmenon of fered  by Ovsyuk and Srnirnovc2' may sometimes f i t  t h e  da t a  

Consequently, t h e  r e l a t i v e l y  simple explanation of 

but it c e r t a i n l y  can not be applied t o  a l l  t h e  r e s i s t i v i t i e s  which w e  

s tud ied .  

To summarize, t h e  l a t t e r  portions of t h e  I vs curves which may be sc 

assoc ia ted  with desorption of atoms from t h e  G e  sur face  y i e l d  information 

about t h e  behavior of sur face  recombination ve loc i ty  s vs 4.  I n  genera l ,  

t h i s  r e l a t i o n  is complex and cannot be f i t t e d  i n t o  any simple theory. 

As regards t h e  i n i t i a l  pa r t s  of I vs  # curves,  e spec ia l ly  t h e  sc 

reverse  behavior shown i n  Figures 6 and 8, t h e  da t a  are v i r t u a l l y  impossible 

t o  reproduce i n  successive runs. This being t h e  case, the re  is l i t t l e  

reason f o r  attempting t o  f i t  it i n t o  any s o r t  of simple expressions.  It is 

very l i k e l y  t h a t  t he re  a r e  two processes occurring i n  every case, even i n  

s i t u a t i o n s  l i k e  those shown i n  Figs. 9 and 11 where no r e v e r s a l  i n  t h e  d i r -  

ec t ion  of I occurs. In  t h o s e  cases, it is poss ib le  t o  d i s t ingu i sh  a sc 
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more rap id  change i n  t h e  e a r l y  segment of t h e  curve and a subsequent 

slower change. It h a s  been suggested i n  Ref. ( 4 )  t h a t  t h e  e a r l y  segment 

of t h e  curve reflects "charge r e d i s t r i b u t i o n  among surface states". 

t h e  b a s i s  of our  da t a ,  w e  cannot r e f u t e  o r  support  such an  a s s e r t i o n .  

do, however, call a t t e n t i o n  t o  the  effects assoc ia ted  with "high l i g h t "  

i n t e n s i t y  shown i n  Fig.  2. 

excess of t h e  band gap and it is poss ib l e  t h a t  such l i g h t  is able t o  

l i b e r a t e  e l ec t rons  f r o m  su r f ace  states or  t o  excite e l ec t rons  i n t o  such 

l eve l s .  

posed t h a t  t h e  i n i t i a l  segments of t h e  I 

t o  s a t u r a t i o n  of t h e  same genre as t h e  approach t o  s a t u r a t i o n  which ac- 

On 

We 

The l i g h t  involved has  photon energ ies  i n  

Radiation can a l s o  perform t h i s  funct ion.  It is, t h e r e f o r e ,  pro- 

v s  I$ curves reflect an approach sc 

companies "high l i g h t "  i l lumina t ion  of t h e  surface. 

As for t h e  annealing of i r r a d i a t e d  surfacesshown i n  Figs.  4 and 5 ,  this 

is probably assoc ia ted  with re-absorpt ion of atoms on t h e  G e  surface. 

should be a funct ion of t h e  atomic spec ies  i n  t h e  medium surrounding t h e  

specimen. 

much more r a p i d  annealing than dry a i r  or dry n i t rogen .  

process requi res  f u r t h e r  study. 

I t  

Some prel iminary experiments have shown t h a t  moist a i r  induces 

The annealing 

V I I .  CONCLUSIONS 

1. The inf luence of 250 keV e l e c t r o n  i r r a d i a t i o n  on t h e  surface 

recombination ve loc i ty  of n- and p-Ge w a s  inves t iga ted .  

2 .  I t  was found t h a t  t h e  response of t h e  cells was a func t ion  of t h e  

temperature,  l i g h t  i n t e n s i t y ,  pressure and poss ib ly  of t h e  amount of organic  

vapors i n  t h e  medium surrounding t h e  specimens. 
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3 ,  Even a f t e r  ways were found t o  obvia te  t h e  effects of t h e s e  

parameters, it was found t h a t  it was not  poss ib l e  t o  reproduce I vs 4 

curves i n  successive runs.  

i n t o  a reproducible  p a t t e r n  even after a large number of successive runs. 

In genera l ,  t h e  Isc vs + curves exh ib i t ed  t w o  por t ions .  One w a s  

sc 

Nor d i d  t h e  behavior of Isc v s  4, ever  se t t le  

4. 

a r a p i d l y  changing i n i t i a l  port ion i n  which I 

oppos i te  t o  t h a t  observed i n  the second, l a te r  po r t ion  of t h e  curve. 

could change i n  a d i r e c t i o n  sc 

5. The la ter  por t ion  usual ly  exhib i ted  s a t u r a t i o n  of s a t  in t eg ra t ed  

2 f l u x  values  of about 1 . 5  x 

value of s w a s  g r e a t e r  than or lower than i t s  i n i t i a l  value depending 

mainly on t h e  r e s i s t i v i t y  of the base material. 

change and t h e  d i r e c t i o n  of t h e  change d id  not change i n  a systematic  way 

as t h e  r e s i s t i v i t y  changed f r o m  l o w  p p-Ge through i n t r i n s i c  t o  l o w  p 

n-Ge. 

s a t u r a t i o n  value of I 

value.  

coul  ( -  1 x 10 l6  electrons/cm 1. The f i n a l  

However, t h e  amount of 

The l a r g e s t  change observed was i n  0 .1  ohm cm n-Ge, i n  which t h e  

w a s  an  order  of magnitude smaller than t h e  i n i t i a l  sc 

The l a r g e s t  increase  i n  I w a s  t h a t  observed i n  30 ohm c m  n-Ge where 
sc 

t h e  asymptote was about 1 .8  times t h e  i n i t i a l  value i.e. s had descreased 

by a factor of 1.8. 
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FIGURE CAPTIONS 

Fig. 1 Experimental Arrangement 

Fig. 2 Short c i r c u i t  cur ren t  I ( a r b i t r a r y  u n i t s )  v s  t i m e  showing 
sc 

t h e  effect of "high in tens i ty"  i l lumina t ion  i n  p-type G e  

p = 0.1 ohm cm. Vacuum 5 x 10 to r r .  -7 

Fig. 3 Isc vs t i m e ,  after sa tu ra t ion  of "high in t ens i ty"  i l lumina t ion ,  

showing t h e  effect of pressure on I 

been i r r a d i a t e d  i n  a vacuum of 5 x 10 t o r r .  

. Sample had previously 
=c-7 

Fig. 4 Isc vs  t i m e  a f t e r  i n t e r rup t ion  of 250 K e V  e l ec t ron  i r r a d i a t i o n .  

This p l o t  shows t h e  "annealing" of p-Ge, p = 0.1 ohm em. i n  a 

vacuum of 5 x 10 t o r r .  -7 

Fig. 5 Same as Fig. 4 except t ha t  t h e  diode was made on n-Ge, 30 ohm e m .  

Fig. 6 I vs f l u x  of 250 keV e lec t rons .  The f l u x  values  must be 
2 mul t ip l i ed  by 5 to g e t  ucoul/cm . 

runs.  Note t h a t  t h e  curves are normalized; t h e  i n i t i a l  values  

are no+ equal.  

p - to r r )  

sc 
Curves show t h r e e  successive 

Van de Graaff vacuum ( o i l  d i f fus ion  pumps 

Fig.  7 Same as Fig. 6 for p-Ge-0.1 ohm cm. and Vac Ion pump vacuum 
-7 p - 5 x 1 0  torr. 

Fig. 8 Same as Fig.  6 f o r  p-Ge p = 10 ohm c m .  Van Ion Vacuum 
" 

p - 5 x IO-' torr .  

Fig.  9 Same as Fig. 6 for n-Ge, p = 30 ohm an., Vac Ion Vacuum, 
-7 p - 5 x 10 torr .  

F i g .  10 Same as F i g .  6 f o r  n-Ge, P = 9 

p - 5 x 10 torr .  
ohm an. Vac Ion Vacuum, 

-7 

F i g .  11 Same as Fig.  6 for  n-Ge, p = 0.1  ohm cm. 
-7 p - 5 x 10 to r r ;  

Van Ion Vacuum, 
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